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INTRODUCTION 
Ultrasonic reftection imaging has become an important tool in NDE [1,2,31. The 
lateral resolution of such images is limited by the aperture size of the transducer, while 
the depth resolution is limited by the pulse length. In addition, for a given aperture diam-
eter, the lateral resolution degrades with depth as given by the Rayleigh criterion. In this 
paper we disCllSS a method to increase the effective aperture through aperture synthesis. 
Waveform data, collected from a scanned transducer focused near the surface of the sam-
pie, is coherently processed to yield a synthesized aperture wh ich can be focused to any 
depth with constant resolution. The synthetic aperture method allows efficient volume 
inspection by trading off scan time with processing time, the latter of wh ich is constantly 
decreasing with increasing computing power. 
Holographic imaging refers to wavefield reconstruction 14]. The detected wavefield 
is essentially used as the boundary condition for the wave equation to determine the 
wavefield within the sampie. By invoking the Born approximation, the scattering process 
is linearized, and the unknown object distribution is linearly related tö the detected 
wavefield through the propagation transfer function. The object distribution is obtained 
by inverse filtering the detected wavefield with the propagation transfer function, which 
may be interpreted as back-propagating the detected wavefield into the sampie. This 
transfer function approach facilitates the evaluation of the point spread function which 
completely characterizes the linear imagil)g system. The holographic imaging algorithm 
is derived and compared for the bistatic (pitch-catch) and monostatic (pulse-echo) 
geometries. Experimental results for the monostatic case are presented to demonstrate the 
imaging algorithm. 
t All work performed at, and funded by, General Electric Research and Development 
Center. 
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DATA ACQUISITION 
Figure 1 shows the imaging geometry under eonsideration. The unknown objeet dis-
tribution is denoted by 0(1') and is embedded in the homogeneous +z halfspaee. The 
objeet distribution is insonified by the ineident wavefield ui(1') which is generated by the 
souree at p'. The seattered wavefield is denoted by us(1') and is pieked up by the deteetor 
at p. The seattered wavefield is related to the ineident wavefield and the total wavefield 
(incident plus seattered) through the inhomogeneous Helmholtz equation 
where ko = 21t/A. The solution to Eq. (1) under the Born approximation is given by 
us(1') = f Or Uicr ; p') ocr) g(f; f), 
where g(f; f) is the Green's funetion 
exp(jkolr - 1"1) 
g(f; f) = -----
41tlr - 1"1 
The deteeted wavefield at loeation p due to a souree at loeation p' is thus given by 
us(p) = f Or Ujcr ; p') ocr) g(p ; f). 
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Fig. I Imaging geometry. 
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BISTATIC HOLOGRAPHIC IMAGING 
In this section, we consider the source to be fixed in location, whi1e aseparate detec-
tor is scanned in the z = 0 plane to pick up the scattered wavefield. First, the secondary 
source distribution is defined as 
Equation (4) can be rewritten with a 2-D convolution as follows 
us(p) = f dz' q(x, y, z') * g(x, y, -z' ; 0). 
Taking the 2-D Fourier transform of the detected wavefield, we obtain 
where 
G(fx, fy' z') = f dx f dy g(x, y, -z' ; 0) exp[-j2n:(fxx + fyY)] 
= -j-
4n: 
exp(jz'-Vk(; - (2n:fx)2 - (2n:f/) 
-Vk} - (2n:fx)2 - (2n:f)2 
(5) 
(6) 
(7) 
(8) 
is the propagation transfer function. Equation (7) states that the detected wavefield is 
given by the superposition of secondary source planes which have been propagated to the 
detection plane. The 2-D spatial Fourier transform decomposes q(x,y,z') into plane-wave 
components with spatial frequencies fx and fy. The propagation transfer function 
effectively propagates each plane-wave component from z = z' to z = 0 by the appropriate 
phase shift. For spatial frequencies fx and fy that satisfy f; + f; > I/A2, the complex 
exponent of the propagation transfer function is a decaying exponential, which imply that 
the plane waves indexed by those spatial frequencies are evanescent. Evanescent waves 
can be considered lost when the propagation distance z' is larger than several 
wavelengths. With the loss of evanescent waves, the detected wavefield is now given by 
(9) 
where P(fx' fy) is the pupil function 
f2 + f2 < 1/A2 
x y (10) 
otherwise. 
The pupil function determines the range of spatial frequencies of the secondary source 
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distribution that is detected. In addition, the pupil function determines the spatial sam-
pling density required to avoid aliasing. To avoid the pupil functions from overlapping 
(aliasing) when spatial sampling is perfomled, sam pie spacing of A/2 or finer is required. 
Given the detected wavefield Us(fx, fy) in Eq. (9), we wish to determine the unk-
nown secondary source distribution Q(fx, fy , z'). For holographie imaging, the detected 
wavefield is back-propagated from the detection plane into the secondary source region 
by inverse filtering with the propagation transfer function 
(Il) 
Substituting Eq. (9) into the above equation yields 
which is seen to be a convolution in z and multiplication of two temlS in fx and fy. Thus, 
taking the 2-D inverse Fourier transform with respect to fx and fy yields a 3-D convolu-
tion 
Cj(f) = q(f) * h(f), (13) 
where 
(14) 
is the point spread function, and 
(15-a) 
(15-b) 
The point-spread function in Eq. (14) is expressed in temlS of the 2-D convolution of two 
terms. The first term contains a Bessel function which is due to the loss of evanescent 
waves, and the second term is the inverse Fourier transform of the exponential term in 
Eq. (12). The point-spread function relates the estimated secondary source distribution 
with the actual secondary source distribution. 
Figure 2 plots the two terms of the point spread function separately. Without the 
loss of evanescent waves, the point spread function would be given by the left contour 
plot. Notice that the range resolution is considerably worse than the cross-range resolu-
tion. With the loss of evanescent waves, the previous function is convolved in the p 
direction with the Bessel function shown in the right half of Fig. 2. Thus the loss of 
evanescent waves results in degradation of the cross-range resolution. 
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MONOSTATIC HOLOGRAPHIC IMAGING 
In this section, we consider the monostatic imaging geometry where the source and 
detector are the same transducer operating in the pulse-echo mode. It is no Ion ger pos si-
ble to image the secondary source distribution which requires the source to be invariant. 
Instead, we seek to recover the object distribution o(f) directly by modeling the source 
wavefield. The incident wavefield due to a transducer focused on the surface of the sam-
pIe may be reasonably modeled as spherical waves generated by a point source. Using 
Eq. (4), the detected wavefield for a transducer at p is given by 
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Fig. 2 Separate components of the point spread function. 
(16) 
where the constant has been dropped. Following Norton and Linzer [5], we define 
(17) 
which can be interpreted as compensating for the l/r loss of the incident wave. Substitut-
ing Eq. (16) into Eq. (17) yields 
(18) 
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which is very similar in fonn to Eq. (5). The significant difference is that ko in Eq. (5) 
has been replaced by 2ko in Eq. (18). The key results for monostatic imaging can now 
~e obtained directly by replacing ko by 2ko in Eqs. (8) and (14) to yield G(fx,fy,z) and 
h(i'), respectively. Comparing the pupil functions for bistatic and monostatic cases, it is 
seen that the radius for the latter is twice that of the fonner. This implies that the monos-
tatic case detects twice the spatial frequencies as the bistatic case, and that the spatial 
sampling spacing for the monostatic case must be half that of the bistatic case. A com-
parison of the point spread functions reveals that the monostatic case has better cross-
range resolution but slightly worse range resolution than the bistatic case. 
EXPERIMENTAL RESUL TS 
In this section we will experimentally demonstrate synthetic-aperture holographic 
imaging using the monostatic geometry. The processing steps in the imaging algorithm 
are summarized in Fig. 3. The experimental sampIe is a 64 mm (x) x 70 mm (y) x 51 
mm (z) block of titanium alloy with four rows of 6.35 mm-deep ftat-bottom holes (FBH) 
ranging in diameter from 0.4 mm to 1.6 mm. The transducer is f/2, broadband with 
center frequency at 5 MHz. The temporal sampling period is 0.04 us and the spatial sam-
pling period is 0.5 mm. A slice of the raw data in the y-z plane is shown in Fig. 4. The 
strong vertical indications near the right edge are from the back wall. The two sets of 
overlapping hyperbolas in front of the back-wall indications are the reftections from a 1.6 
mm hole and a 1.2 mm hole. The indications from the 0.8 mm and 0.4 mm holes that 
should also be present are beneath the noise level. Two sets of reconstructions are 
presented. First, the reconstruction that uses only a single frequency bin at 5 MHz is 
shown in Fig. 5. Figure 5(a) shows the reconstruction in the x-y plane at z = 44 mm, and 
Fig. 5(b) shows the reconstruction in the y-z plane through the right-most column of 
holes in Fig. 5(a). Only the row of smallest holes are not visible, and it can be seen that 
the cross-range resolution is far superior than the range resolution. Figure 6 shows the 
reconstruction obtained by coherently adding the reconstructions obtained from 20 fre-
quency bins centered at 5 MHz and with a spacing of 0.05 MHz. As can be seen in Fig. 
6, all the FBH's, incJuding the smallest row, are visible, and the range resolution is con-
siderably improved. 
Gain Correction 
u.(p,t) => v (p,t) 
+ ! 
Temporal Fourier Transform Back-Propagation 
" --1 to get v (p, ko) o (f:Jy,z}=G (flt,fy'z) V(flt,f) 
! ~ 
Spatial Fourier Transform Inverse Spatial Fourier 
to get V (fit ,fy ) to get ~ (x, y, z) 
I t 
Fig. 3. Monostatic synthetic-aperture holographie imaging algorithm. 
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Fig. 4. Slice of raw data in the y-z plane. 
Ca) x-y slice at z = 44 mm (b) y-z slice 
Fig. 5. Reconstruction lIsing a single frequency bin at 5 MHz. 
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(a) x-y slice at z = 44 mm (b) y-z slice 
Fig. 6. Reconstrllction lIsing 20 freqllency bins centered at 5 MHz, 0.05 MHz spacing. 
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SUMMARY 
We have reviewed the formulation of synthetic-aperture holographic imaging for the 
bistatic and monostatic imaging geometries. For the bistatic case, the secondary source 
distribution is imaged, while for the monostatic case, the object distribution is imaged by 
modeling the incident wavefield. The propagation transfer function is used to formulate 
the forward problem and to motivate the inverse solution. We have presented the point 
spread function wh ich completely characterizes the holographic imaging algorithm. It is 
shown that the bistatie and monostatie eases are identieal in spirit; however, the monos-
tatie case requires denser waveform sampling and has better cross-range resolution than 
the bistatie case. Experimental results using strong seatterers in an inhomogeneous 
medium are presented to demonstrate the imaging algorithm. 
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